ABSTRACT: We measured abundance, activity and community composition of bacteria associated with Calanus spp. in the North Sea in late July and compared it to the free living bacteria. Both the local density and production of bacteria associated with Calanus spp. were magnitudes higher than the average in a comparable volume of water. As analyzed by denaturing gradient gel electrophoresis (DGGE) and 16S rRNA gene sequencing, the bacterial community associated with Calanus spp. consisted of members of the Roseobacter lineage (Alphaproteobacteria), whereas the free living bacteria were more diverse. Discovery of an identical bacterial phylotype on Calanus spp. and in the free living community at the specific depth with the highest Calanus spp. biomass suggested an active exchange of bacteria between copepods and the free living state.
INTRODUCTION
Copepods are by far the most abundant mesozooplankton in the ocean (Verity & Smetacek 1996) . When they feed, they produce dissolved organic matter (DOM) by sloppy feeding, excretion or leakage from fecal pellets (Eppley et al. 1981 , Roy et al. 1989 , Møller et al. 2003 , Steinberg et al. 2004 , Møller 2007 . It may therefore be advantageous for bacteria to stay in the vicinity of copepods, i.e. be situated in the same layer in the water column, or even be attached to the copepod.
In copepod populations, between 0 and 100% of the copepods are found to have bacteria attached to their surface (Nagasawa 1989) . Generally, most exterior bacteria are found near the mouth, between the segments and around the anus (Carman & Dobbs 1997) , i.e. where the supply of organic substrates produced by copepod feeding activity would be expected to be highest. However, reports of total abundance on copepods are scarce, probably due to methodological difficulties arisen from the uneven distribution (Hansen & Bech 1996 , Tang 2005 . Likewise, only few studies have measured the activity of copepod-attached bacterial communities, but it seems to be high compared with the free living bacteria (Carman 1994 , Tang 2005 . In this respect copepods resemble aggregates, which are often sites of elevated microbial activity (Azam & Long 2001 ). Compared to aggregates, which contain a finite amount of organic material, copepods will, however, be a continuous source as long as they feed (Tang 2005) . It could be speculated that copepods may function as 'baby machines' where attached bacteria release most of their progeny to the surrounding environment, as has been suggested for colonized fecal pellets (Jacobsen & Azam 1984) .
To our knowledge no studies have examined bacterial community composition on marine copepods. Most previous studies have focused on copepod associated bacterial communities as reservoirs of specific bacterial pathogens (e.g. Cellini et al. 2005 , Huq et al. 2005 and on specific bacterial groups. For instance, Heidelberg et al. (2002) found that Vibrio species constituted a large proportion of the bacteria associated with copepods in Chesapeake Bay. In addition, they found a correlation between zooplankton and water-column presence of single Vibrio species (Heidelberg et al. 2002) .
In the present study we hypothesize that copepods are an advantageous surface for bacteria, and that the release of bacteria attached to copepods can affect community composition of bacteria in the surrounding water. Specifically, we compared the abundance, production and community composition of bacteria attached to copepods relative to free living bacteria and related this to the abundance and distribution of copepods. The study was carried out in the North Sea, in late July 2005, using the large dominant Calanus species as model organisms. Temperature, salinity and fluorescence were obtained with a Seabird CTD system equipped with a fluorometer and water samples were taken with 5 l Niskin bottles. In situ fluorescence was converted to chlorophyll a (chl a) using a regression between in situ fluorescence and measurements of water column chl a concentrations from selected depths sampled during the whole cruise of 10 d (chl a = 3.58 × fluorescence + 0.18, n = 88, R 2 = 0.80). Copepods used for experiments were collected using a WP-2 net towed vertically from 50 m depth to the surface. Samples for copepod abundance were filtered using a submersible pump (1500 l min -1 ) equipped with a 30 µm net. Detailed copepod data will be presented elsewhere (S. H. Jónasdóttir unpubl. data) but is briefly presented here for comparison with the vertical distribution of bacterial abundance and activity.
MATERIALS AND METHODS

Sampling
Bacterial abundance, composition and production in water samples. Bacterial abundance in water samples was determined by flow cytometry (FACSCalibur, Becton Dickinson) after staining the fixed cells (2% glutaraldehyde) with the nucleic acid stain SYBR Green I (Molecular Probes) according to Marie et al. (1997) . Briefly, 10 µl of a 100× dilution of stock SYBR Green 1 was added to 1 ml of sample, followed by 10 µl of a suspension of 2 µm fluorescent beads (Polyscience).
Bacterial production in 20 ml seawater was measured in triplicates by [ 3 H]-thymidine (10 nM final) incorporation (Fuhrman & Azam 1982 ) and converted to cell production assuming 2 × 10 18 cells mol -1 thymidine incorporated (Bell 1993) . Samples from 5 to 37 m depth were incubated at 16°C, while the deeper samples were incubated at 8°C. Incubations were stopped by addition of trichloroacetic acid (5% final). Samples with 5% trichloroacetic acid added prior to the addition of [ 3 H]-thymidine were used as blanks. The samples were filtered onto 0.2 µm cellulose nitrate filters.
Bacterial community composition analyses were done on 100 ml water from each depth filtered onto 0.2 µm membrane filters (Whatman Nuclepore). Filters were frozen at -80°C until nucleic acid extraction. DNA was extracted from filters using an enzyme/SDSbased protocol as described in Boström et al. (2004) , but with a few modifications: no phenol/chloroform extraction and glycogen (10 µg per sample; Roche) was used as co-precipitant. DNA was re-suspended in TE (10 mM Tris, 1 mM EDTA, pH 8.0) and quantified fluorometrically (PicoGreen; Molecular Probes).
Bacterial 16S rDNA was amplified using primers GC341f (Muyzer et al. 1993 ) and 907r (Muyzer et al. 1998) . PCR reactions (50 µl) contained 0.8 mM deoxynucleotide triphosphates, 0.5 µM of each primer, 3% DMSO (Finnzymes) and 1 unit Phusion polymerase with associated buffer (Finnzymes). For filter samples, ∼2 ng template DNA was used. For copepod samples (see below), ∼50 ng template DNA was required per reaction. Initial denaturation was at 98°C for 30 s followed by: denaturation for 10 s at 98°C; annealing for 30 s at an initial temperature of 63°C, decreasing 1°C every 2 cycles to a final temperature of 53°C; extension for 90 s at 72°C. Ten cycles were run at 53°C for a total of 30 cycles followed by a final 7 min incubation at 72°C. Two blank filters treated as sample filters served as negative controls. No DNA or PCR products were obtained from these.
PCR products were quantified fluorometrically and 60 ng PCR products per sample were analyzed by DGGE using the D Gene System (Bio-Rad) at 60°C for 6 h at 150 V (Riemann & Middelboe 2002) . DGGE bands were excised, eluded, re-amplified, and analyzed on DGGE to confirm migration relative to the original sample. In some cases re-amplified bands yielded several faint bands. In these cases excision and re-amplification was repeated to enrich the intended band. Bands were sequenced using the DYEnamic TM ET terminator cycle sequencing kit (Amersham Biosciences) and an ABI PRISM 377 sequencer (Applied Biosystems) as described by the manufacturer. Sequences were aligned to known sequences using BLAST (Altschul et al. 1997 ) and analyzed by the program Chimera Check (Cole et al. 2003) . DGGE band sequences have been deposited in GenBank, using the abbreviations NS 1 to 17 (where NS refers to the North Sea), under the following accession numbers (in order): DQ839246 to DQ839262.
Bacterial abundance, composition and production associated to copepods. Samples for copepod abundance were preserved in 4% buffered formalin. Copepodites were identified to species or genera, and the length of 10 individuals from each group was measured in each sample. The copepod biomass was calculated on the basis of length-carbon regressions from the literature (Berggreen et al. 1988 , Hay et al. 1991 , Hirche & Mumm 1992 , Sabatini & Kiørboe 1994 , Satapoomin 1999 , Uye et al. 2002 .
The abundance and composition of bacteria attached to Calanus spp. were measured on females and CV incubated in 0.2 µm filtered seawater for 4 h to allow them to empty their guts. After this incubation they were rinsed 3 times in 0.2 µm filtered seawater, blot dried on pre-combusted GF/F filters, and transferred to sterile Eppendorf tubes using a pair of tweezers. Two batches of 20 copepods were frozen (-80°C) until DNA extraction with the Aquapure Genomic DNA Isolation Kit (Bio-Rad). Conventional DNA extraction, as used for filters, conferred complete lysis of copepods and inhibition of PCR amplification. A more gentle extraction method with a commercial DNA isolation kit, where copepods were not visibly lysed, and the use of a relatively high DNA template amount allowed for PCR amplification.
Enumeration of attached bacteria was done on rinsed copepods added to 1.5 ml of 0.2 µm filtered seawater containing glutaraldehyde (2%) and stored at 4°C. Before counting, individual copepods were blot dried on a pre-combusted GF/F filter, transferred to 10 ml of 0.2 µm filtered seawater and sonicated at 50 W, 2 × 30 s (Velji & Albright 1993) , which was enough to disintegrate the copepod, although parts of the antennas were sometimes still recognizable. Since the copepod used for counting had empty guts, bacteria in fecal pellets were excluded from the counts. However, the disintegration meant that no differentiation could be made between bacteria on the copepod's exterior and bacteria inside the copepod. The samples were then stained with DAPI (Porter & Feig 1980 ) and bacteria were counted using epifluorescence microscopy. In total, 10 copepod samples were counted. Three samples containing only 10 ml of 0.2 µm filtered water and processed the same way as the copepod samples served as blanks.
Bacterial production on Calanus spp. was measured on live copepods, which had been starved for 4 h and subsequently rinsed 3 times in 0.2 µm filtered seawater. Five replicates of 2 copepods (BP cop ) were incubated with [ 3 H]-thymidine (10 nM) at 16°C in 18 ml water in 20 ml vials containing 0.2 µm filtered water from 10, 37 (fluorescence maximum) and 45 m, respectively. After the incubation it was verified that the copepods were still active. Three controls (BP control ) were performed from each depth. These contained 0.2 µm filtered seawater plus the same amount of water from the rinsed copepod culture as added to the copepod bottles but without copepods. Blinds, both with and without copepods, were prepared by addition of trichloroacetic acid before [ 3 H]-thymidine. The bacterial production associated with the copepods was calculated as (BP cop -blind cop ) -(BP control -blind control ).
The bacterial growth rate (μ) was calculated for the free living and copepod associated bacteria assuming exponential growth:
, where N 0 is the measured abundance, N t is the N 0 plus the bacterial production during the time (t).
RESULTS
During our study the water column was stratified with well-mixed warm water (>15°C) overlying a cold (< 7°C) bottom layer. The thermocline was located at ∼30 m and was ∼15 m thick. A chl a maximum with concentrations up to 3 times higher than at the surface was found at the base of the thermocline (Fig. 1A ). Copepods were dominated by Calanus spp., which constituted between 10 and 92% of the total biomass (Fig. 1B) . C. helgolandicus were most important in the upper 30 m while C. finmarchicus dominated closer to the bottom. Adults and CV comprised more than 90% of the Calanus spp. biomass. Other copepods consisted of Oithona similis mainly in the upper 25 m, Metridia lucens and Microsetella norvegica in and below the thermocline, while Temora longicornis was important in the thermocline.
Bacterial abundance and activity
The abundance of free living bacteria in the water column was 1 to 5 × 10 5 cells ml -1
, with a small peak in the chl a maximum (Fig. 1C) . The abundance of bacteria associated with Calanus spp. was about 1.9 × 10 5 cells copepod -1 (Table 1) . Given a body volume of ∼0.001 ml (assuming 0.13 pg C µm -3 , Berggreen et al. 1988) for Calanus spp. the local bacterial population densities associated with the copepod would be 1.9 × 10 8 ml -1
. Thus, the local density of bacteria associated with Calanus spp. was 1000 times higher than in the surrounding water.
The bacterial production in the water column showed distinct peaks at 15 m (7.8 × 10 3 cells ml -1 h -1 ) and at 35 to 37 m associated with the chl a maximum . Thus, like for abundance, the local copepod associated production was magnitudes higher than the production of the free living bacteria. The growth rate of the copepod associated bacteria was 0.7 to 1.2 d -1 while the free living bacteria were growing at rates of 0.4 to 0.5 d -1 (Table 1) .
Bacterial community composition
We used PCR-DGGE analysis of 16S rDNA to compare the community composition of bacteria attached to copepods with free living bacteria (Fig. 2) . Ideally, this analysis provides a graphical 'fingerprint' of the bacterial community composition. Potential biases inherent in the DNA extraction and PCR-DGGE protocols are described elsewhere (Wintzingerode et al. 1997 , Muyzer et al. 1998 . The copepod samples consisted of less than 5 discernible bands. Identical bands were observed in the 2 copepod samples; though the lower-most bands were hardly visible in sample A, likely due to inefficient PCR amplification. In contrast, the free living bacterial communities were represented by 14 to 23 bands with an increase in the number of bands from the surface to deeper samples (Fig. 2 , Table 2 ).
Twenty DGGE bands were excised, cloned and sequenced to obtain an impression of bacterial community composition and to compare the identity of bac- This incubation was at 8°C, all others at 16°C Table 1 . Calanus helgolandicus and C. finmarchicus. Bacteria associated with females and copepodite stage 5. Bacterial abundance and production on the copepod corresponds to 1.9 × 10 8 cells ml -1 and 5 to 9 × 10 6 cells ml -1 h -1 , respectively, assuming copepod volume to be 0.001 ml teria on copepods with the total free living community. Bands from different samples with identical vertical positions in the gel had identical sequences (see Bands Free3, Free12, and CopC; Fig. 2 ). The 13 bands successfully sequenced from the free living bacterial community consisted of Alphaproteobacteria (6 bands), Bacteroidetes (3 bands), Gammaproteobacteria (2 bands), Actinobacteria (1 band) and Cyanobacteria (1 band) (Fig. 2, Table 2 ). The 3 bands successfully sequenced from the bacterial community attached to the copepods were exclusively related to Alphaproteobacteria. Except for Bands Free2 and Free13, the amplicons were closely related to marine sequences available in GenBank (95.1 to 100% similarity). No heteroduplexes or chimeras were found among the excised bands. All 9 Alphaproteobacteria bands were affiliated with the marine Roseobacter lineage and showed between-sequences similarity with on average 93% (range 89 to 100%). Interestingly, an identical Roseobacter sequence was found on copepods (CopC) and in the free living phase (Free8). These 2 bands showed a 100% nucleotide match (503 bp) but differed slightly in total length; explaining the 2 different nearest relatives indicated in Table 2 .
DISCUSSION
The local density and production of bacteria living on the copepods Calanus spp. were magnitudes higher than those of bacteria living in the water column. These data are among the first for bacteria living on copepods in situ. They are, however, in the same range as found in mixed zooplankton populations (Heidelberg et al. 2002) and in laboratory cultures of the smaller copepod Acartia tonsa (Hansen & Beck 1996 , Tang 2005 . In comparison, bacteria colonizing marine particles also often have elevated growth rates relative to the free living bacteria, yet these rates may sometimes be much higher than the 0.7 to 1.2 d -1 found in the present study (Smith et al. 1995 , Riemann et al. 2000 , Kiørboe et al. 2003 . It should be noted that in our study copepods were starved 3 to 4 h before and during the bacterial production measurements. Hence, in this period there was no production of substrates due to copepod feeding. Although DNA synthesis does not respond immediately to changes in environmental conditions (Bell 1993) , it seems likely that our estimates are conservative relative to the bacterial production on copepods in situ.
When measuring bacterial production we included a control where the copepod was killed, thereby accounting for thymidine adsorbed to the copepod. This control does not take into account the thymidine that potentially may be absorbed by live copepods. In a study with Acartia tonsa that had recently moulted, i.e. with a potentially less dense copepod associated bacterial community (Carman & Dobbs 1997) , neither bacterial uptake nor adsorption or absorption of thymidine were found (Møller 2007) . Hence, we do not expect that absorbance of thymidine by the copepods has lead to a significant overestimation of copepod associated bacterial production in our study.
While the present study excluded the bacteria in fecal pellets because all copepod had empty guts, it did not differentiate between bacteria on the copepod's exterior and bacteria inside the copepod. In another study based on direct counts, approximately the same number of bacteria was found in the gut as on the surface of Acartia tonsa (Hansen & Beck 1996) . Using leucine incorporation and autoradiography, which allow visual inspection of the location of activity, Carman (1994) found that bacterial activity was concentrated on the exterior surfaces of copepods, particularly where bacteria were most abundant, e.g. around mouth parts. However, both that study and ours may underestimate the bacterial production in the gut if labelled compounds are not equally distributed outside and inside the copepod. On the contrary, Tang (2005) suggested that copepod ingestion primarily supports the growth of gut bacteria and that copepods can be important hot spots in the ocean because defecation releases a significant amount of bacteria into the water column when the copepod is feeding.
Bacteria associated with the Calanus spp. had elevated local abundance and growth rates compared to the free living bacteria. However, their total abundance and production never constituted more than 0.3 and 0.1% of the total water column bacterial abundance and production, respectively (Fig. 3) . Even if it is assumed that the bacterial density and activity per copepod are the same for the other copepods present (Hansen & Bech 1996 , Tang 2005 as for Calanus spp., the copepod associated bacterial abundance and production would not constitute more than 1.5 and 2%, respectively, of that of the free living bacteria (Fig. 3) . Similarly, in Chesapeake Bay, Heidelberg et al. (2002) found that the proportion of total bacteria being associated with zooplankton larger than 202 µm was generally insignificant (down to 0.01%), though occasionally these bacteria constituted up to 40% of the total bacterial community. In addition, Carman (1994) found that the bacterial activity associated with copepods in the northern Gulf of Mexico could sometimes account for up to 20% of total bacterial activity.
During the present study the food available to the copepods in situ were dominated by large phytoplankton species (M. Koski unpubl. data). This suggests that the DOC production by sloppy feeding may be significant (Møller 2007 ; average for marine snow attached bacteria in Simon et al. 1990 ) it is obvious that the carbon demand of the attached bacteria will be insignificant relative to the DOC amount produced by the copepod. Thus, 'excess' DOC will be available to the bacteria in the surrounding water, and a local high copepod concentration in the water column could, presumably, cause an increased bacterial production. Such a relationship may, however, be difficult to notice because of other equally important sources of DOM in the water column, e.g. phytoplankton cell leakage, protozooplankton graz- Calanus spp.
Other copepods Fig. 3 . Potential production of bacteria associated with Calanus spp. and the total copepod community compared to water column bacterial production (BP) ing, and viral lysis. Accordingly, we found that one of the 2 peaks in bacterial production was associated with the fluorescence maximum, while the other was situated at 15 m where also a peak in Calanus spp. was found. In contrast, the peak of other copepods at 25 to 30 m did not coincide with increased bacterial production (Fig. 1) . A remarkable difference in diversity, as judged from DGGE band number, was observed between the copepod associated (5 bands) and the free living (14 to 23 bands) bacterial communities. Thirteen DGGE bands were sequenced from the free living bacteria community; of these, 8 were from the marine Roseobacter lineage. From the bacterial community attached to the copepods only 3 bands were sequenced, all belonging to the Roseobacter. Members of Roseobacter are among the most predominant bacterial phylotypes recovered in marine plankton clone libraries (Buchan et al. 2005 ) and have been found to be dominant in the North Sea, especially in summer time (Eilers et al. 2001 , Zubkov et al. 2001 . The finding that copepod-attached bacterial phylotypes were related to the Roseobacter lineage is not too surprising, considering that this group is known to successfully colonize marine particles (e.g. DeLong et al. 1993 , Rath et al. 1998 , Riemann et al. 2000 ; however, it complements existing studies of copepod associated bacteria, which have primarily reported on the importance of Vibrio species (Gammaproteobacteria; Kaneko & Colwell 1978 , Heidelberg et al. 2002 . Interestingly, the 2 bands Free8 and CopC aligned vertically in the DGGE analysis and showed 100% sequence similarity (503 bp). This Roseobacter phylotype was almost identical (> 99%) to a clone obtained during a coastal diatom bloom in Oregon, USA (Morris et al. GenBank, see http://www.nncbi.nlm.nih.gov) and was seen as a dense bacterial band in both copepod samples and as a distinct band appearing at 40 to 50 m depth. At this specific depth, a pronounced peak in Calanus spp. biomass was observed (Fig. 1) .
The bacterial production associated with the Calanus spp. was less than 1% of the free living bacteria (Fig. 3) . Hence, intuitively a potential export of bacterial progeny from the copepods to the water column would be anticipated to have only a limited effect on the community composition of the free living bacteria. Nevertheless, our finding of an identical bacterial phylotype on copepods and in the free living community, only at the specific depth with the highest copepod biomass, indicates that this phylotype was indeed exchanged between copepods and the free living state.
